1. Introduction {#sec0005}
===============

Lignocellulosic biomass is the most abundant renewable resource produced by photosynthesis on earth and has been considered as a sustainable feedstock \[[@bib0005]\]. Biomass-derived products can reduce the current dependency on fossil-based products, however, there are still many technical and economical tasks facing the utilization of this material \[[@bib0010]\]. Among these lignocellulosic biomasses, agricultural wastes are more important as this can be converted into products that are of commercial importance such as fuels, chemicals, enzymes, and high-value products and single cell protein \[[@bib0015],[@bib0020]\]. The biodegradation of this lignocellulosic biomass is limited by several factors like the crystallinity of cellulose, available surface area and lignin content \[[@bib0005],[@bib0025]\]. Major portions of lignocellulosic biomass are cellulose and hemicellulose. Cellulose is a homopolymer of glucose, while hemicellulose is a heteropolymer composed of mainly mannose, galactose, xylose and arabinose \[[@bib0030]\].

Trichoderma ressei is one of the most extensively studied and best-known cellulase producing organisms having a complete set of cellulases \[[@bib0035]\]. Neurospora crassa was recently reported to produced high yields of CMCase and β-glucosidase when growing in the solid substrate \[[@bib0040]\].

Wheat (Triticum aestivum) is a top cereal crop which is mainly utilized for human consumption and livestock feed. A wheat kernel comprises three principal fractions--bran, germ, and endosperm. The outer layers are all parts of the bran. The bran fraction is a by‐product of milling and has food and nonfood applications \[[@bib0045]\]. To protect the grain and endosperm material, more than half the bran comprises water-insoluble fiber (53 %). It contains mostly cellulose, xylose, and arabinose, which are tightly bound to proteins \[[@bib0050]\]. Bran is particularly rich in dietary fibers, minerals, bioactive compounds and contains significant quantities of starch, proteins, and vitamin \[[@bib0045],[@bib0055]\]. A high amount of protein present in the wheat bran may also reduce the cellulase biosynthesis but the soluble oligosaccharides, starch, and cellulose present in the wheat bran significantly impact on the cellulase production \[[@bib0060]\]. Wheat bran due to its nutritional content and large surface area serves to be an excellent carbon source without any supplementary carbon source for the production of lignocellulolytic enzymes. Additionally, no prior pretreatment is necessary for the utilization of wheat bran in enzyme production \[[@bib0065]\].

The solid substrate act as a source of carbons, nitrogens, minerals as well as growth factors. The high product concentration, higher productivity, lower downstream processing, direct use of the fermented product as crude enzymes and utilization of byproduct make solid-state fermentation, a promising technology \[[@bib0070],[@bib0075]\]. Literature reported that A.fumigatus UAM2 produces cellulase (0.24FPU/mL) under oil palm decanter cake based solid-state fermentation \[[@bib0080]\]. Verma et al. (2011) utilized pea peel waste as a solid substrate for cellulase (2.86 FPU/mL) production by T. *reesei* NCIM 1186 \[[@bib0015]\].

The statistical technique was an important tool to solve and to optimize numerous parameters, to find relativeness among the factors, to find the best combination of parameters and prediction of responses \[[@bib0085]\]. Designed experiments are less time consuming and less expensive than haphazard ones. This method is more satisfactory and effective than other methods, such as classical, one at a time or mathematical methods. In most bioprocesses such as fermentation, there are no true theoretical or mathematical models that can describe the whole process with 100 % certainty. The optimization of fermentation conditions, particularly physical and chemical parameters are of primary importance in the development of any fermentation process \[[@bib0090]\]. Box-Behnken designs are response surface designs specially made to require three levels, coded as -1, 0, +1. A Box-Behnken design was employed to analyze the interactive effects of these parameters and to arrive at an optimum. The base points for the design were selected from a single parameter study \[[@bib0090], [@bib0095], [@bib0100]\]. In Box-Behnken design the treatment combinations are at the midpoints of edges of the process space and the center \[[@bib0105]\]. Pasha et al. (2013) \[[@bib0110]\] investigated the Box-Behnken design based optimization for glucose production from oil palm empty fruit bunch.

Literature has been reported on the utilization of lignocellulosic hydrolysate for the growth and production system of microbes. Depending on the operational conditions acidic hydrolysates contained sugars such as xylose, glucose, and arabinose as well as decomposition products of hemicellulose (such as acetic acid, furfural, 5-hydroxymethylfurfural (HMF) and dehydration product of pentoses and hexoses) \[[@bib0115], [@bib0120], [@bib0125], [@bib0130]\].

The use of the hydrolysates as a soluble inducing substance for cellulase production deserves more study. Acid hydrolysis of raw materials to obtain xylose solutions has a double consequence, the elimination of waste and the generation of a value-added product such as xylitol \[[@bib0135],[@bib0140]\]. The nonglucose carbohydrate portion of the lignocellulosic biomass is much more sensitive to acid hydrolysis than the glucose portion. Dilute acid pretreatment targets the hemicellulose fraction liberating pentose sugars while redistributing lignin and disrupting the crystalline structure of cellulose fibrils \[[@bib0145]\].

During pretreatment of lignocellulosic, in addition to the sugars, aliphatic acids (acetic, formic and levulinic acid) furan derivatives furfural and HMF (2-furaldehyde and 5-hydroxymethyl-2-furaldehyde) and phenolic compounds are formed. These compounds are known to affect microbial growth and product fermentation performance. Furfural could be generated as a degradation product from pentoses \[[@bib0120],[@bib0125],[@bib0150],[@bib0155]\]. Another inhibitory substance founded in lignocellulolsic is acetic acid. Acetic acid can be generated when the hydrolysis reaction takes place at the acetyl group of hemicelluloses. Several detoxification methods like neutralization, overliming with calcium hydroxide, activated charcoal, ion exchange resins \[[@bib0160], [@bib0165], [@bib0170]\] and enzymatic detoxification using laccase \[[@bib0175]\] are known for removing various inhibitory compounds from lignocellulosic hydrolysates. Overliming the hydrolysate has been effective as a detoxification process due to partial removal of toxic inhibitors, such as furfural and 5-hydroxymethylfurfural. Another potential drawback of overliming is sugar loss due to hydroxide-catalyzed degradation reactions and the conversion of sugars into unfermentable compounds \[[@bib0180]\]. Chandel et al. \[[@bib0175]\] have also demonstrated that acetic acid concentration is not altered using overliming but this method led to the removal of furans (45.8 %) and phenolics (35.87 %). After detoxification, the concentrations of all those toxic compounds were lower than the reported levels causing, lesser inhibition of microorganism metabolism \[[@bib0180]\]. Biglow and Wyman (2002) \[[@bib0185]\] stated that few microbial strains were also able to consume or convert essentially all furans, aldehydes and acetic acid which released in the hydrolysates after hydrolysis process.

Starch is a polymeric carbohydrate comprising of a large number of glucose units joined by glycosidic bonds and contains two major macromolecular components amylose and amylopectin. Amylose is the most linear (1→4)-linked β-glucan and can have a degree of polymerization (DP) as high as 600. Amylopectin, β(1→4)-linked β-glucan with β-(1→6) branch points \[[@bib0190],[@bib0195]\].Potatoes are the world\'s fourth-largest food crop followed by rice, wheat and maize \[[@bib0200]\]. Starch molecules arrange themselves in the plant in semi-crystalline granules. Each plant species has a unique starch granular size. Rice starch is relatively small (about 2 μm) while potato starch has larger granules (up to 100 μm). Wheat starch grains are bimodal in size with smaller B-starch and larger A-starch granules. B-starch is always highly tainted with pentosans, fine fibers, lipids, and protein \[[@bib0205], [@bib0210], [@bib0215]\]. Wheat starch hydrolysate contained nutrients along with glucose-rich solution serves as a prospective supplement for lignocellulosic hydrolysates \[[@bib0220]\]. As the literature suggested that the water- soluble acid hydrolyzed starch is an excellent inducer for growth and cellulase production, which induces the enzymes to the same extent as pure cellulose \[[@bib0225],[@bib0230]\].

Paper, is one of the largest constituents of solid waste, has become a severe problem for disposal. It is a very important and challenging task of managing solid waste. Newspaper based cellulosic feedstock has emerged as an attractive option for the production of value-added chemicals \[[@bib0235]\]. Cellulose of waste paper is somehow difficult to hydrolyze enzymatically because it is associated with hemicelluloses and lignin. Dilute-acid hydrolysis is a fast and easy way to pretreat these lignocellulosic materials \[[@bib0240]\]. The wastepaper hydrolysate was found to have cellulase inducing capability and to induce a complete set of cellulase components. The hydrolysate was also concluded to be a better soluble inducer than sophorose \[[@bib0245]\].

The present paper describes the utility of wheat bran waste biomass as raw material; Illustrates the Box- Behnken design based optimization of different process parameters such as temperature, pH, moisture percentage, particle size, inoculum dosages and incubation period for cellulase production by Trichoderma and Neurospora. It also portrays the efficacy of various plant polysaccharide hydrolysates such as bagasse, wheat straw, waste newspaper as well as starchy hydrolysates.

2. Materials and methods {#sec0010}
========================

2.1. Materials {#sec0015}
--------------

All the chemicals and reagents used to perform the experimental work were of Himedia, Sigma Aldrich, and Merck make. T. reesei NCIM 1186 and N. crassa NCIM 1021 were procured from National Chemical Laboratory, Pune. Raw materials were collected from a local market. Separate sets of batch experiments were carried out in 250 mL Erlenmeyer flasks containing sieved wheat bran biomass as the raw material for the growth and production of organisms impregnated with the following production media in (g/L) Urea, 0.3; (NH~4~)~2~SO~4~, 1.4; KH~2~PO~4~, 2.0; MgSO~4~.7H~2~O, 0.3; Peptone, 1.0; Tween 80, 0.2; FeSO~4~.7H~2~O, 0.005; MnSO~4~.7H~2~O, 0.0016; ZnSO~4~.7H~2~O; 0.0014; CaCl~2~.2H~2~O; CoCl~2~.6H~2~O, 0.02. Wheat bran biomass-based bed soaked with basal salt media were autoclaved and then inoculated with a specific volume of cell dry weight (g/L) T. reesei and N. crassa respectively. The production flasks were placed in an incubator at a different set of process parameters. A separate set of batch experiments was performed to investigate the effect of baggase, wheat straw, waste newspaper and starch hydrolysate. All the hydrolysates based experimental flasks inoculated with culture solution were placed in an incubator at optimized conditions, to study the effect of hydrolysates.

2.2. Experimental setup {#sec0020}
-----------------------

### 2.2.1. Estimation of holocellulose content in wheat bran biomass {#sec0025}

This method determines the total carbohydrate contents of non-wood materials. Holocellulose in non-wood raw materials was estimated by the TM1-A-9 test method mentioned in the laboratory manual of Central Pulp and Paper Research Institute (CPPRI) Saharanpur, U.P \[[@bib0250]\].

### 2.2.2. Estimation of lignin content in wheat bran biomass {#sec0030}

Acid-insoluble lignin was estimated as per the TM1-A-7 test method mentioned in the laboratory manual of CPPRI \[[@bib0250]\].

### 2.2.3. Determination of ash content {#sec0035}

5g of ground OD sample (passed through mesh size 40) were taken in a sintered crucible and then placed inside a muffle furnace at 600 °C for two hours, followed by cooling in a desiccator. Ash content was calculated by the following expression \[[@bib0250]\].

Ash % = W~2~ (weight of ash with crucible) -- W~1~ (weight of the only crucible) x 100/OD weight of the sample

### 2.2.4. Measurement of moisture content {#sec0040}

The moisture content of the medium was estimated by drying 5 g of the wet sample to a constant weight at 105 °C, and the dry weight was recorded.

### 2.2.5. Experimental design {#sec0045}

To optimize different process parameters for cellulase production, Box-Behnken design (BBD) was used for optimization study. This design was the most suitable for the quadratic response surface and generated the second-order polynomial regression model. Three different levels were studied for each independent variable. A total of 13 experiments (sets of combination) were conducted for three independent variables and FPA (IU/mL) obtained was taken as a dependent variable or response (Y1). All the experiments were performed in a 250 ml Erlenmeyer flask containing wheat bran biomass as a solid bed. The independent variables used were process temperature (°C) (X1) process pH (X2) and inoculum dosages (X3) and their levels were mentioned in [Table 3](#tbl0015){ref-type="table"}. After achieving the optimized process conditions, another trail was run of 13 experiments with another three independent variables. The independent variables used in another trail were particle size of wheat bran (μm) (X1), Moisture percentage(X2) and incubation period (X3) and their levels were mentioned in [Table 5](#tbl0025){ref-type="table"}. The quadratic response function for n variables with interaction terms was considered for the mathematical relationship between independent and dependent variables. The relation between independent and dependent variables actual was described by the following equation.

Y1 was the response; X1, X2 and X3 were the independent variables; β0 was the intercept; β1, β2 and β3 were linear coefficients; β11, β22 and β33 were square coefficients; and β12, β13 and β23 were interaction coefficients.

### 2.2.6. Preparation of bagasse & wheat straw hydrolysates {#sec0050}

Raw materials were collected from a local market. Chopped and grounded bagasse and wheat straw of definite particle size were used for the acid pretreatment. Acid treatment of raw materials has been performed with 5, 10 and 20 % H~2~SO~4~ (v/v) solution with maintaining solid-liquid ratio of about 1:20. Further, these solutions were kept at room temperature for 1 h and then subjected to steam treatment under pressure of 15 lb at 121 °C for 1 h duration. After steam treatment solutions, were cooled and filtered with a muslin cloth. Due to acid treatment at a higher temperature several toxic components were released in the hydrolysates. To minimize the effect of toxic substances, overliming process has been conducted. Calcium salt solution was used to perform overliming process. The hydrolysates were added into calcium salt solution and boiled for 1 h and kept at room temperature for the next 1 h. The resulting detoxified hydrolysates suspension was diluted to 100 mL with distilled water and make up the resulting solution at pH 7.0 with diluted NaOH solution. The resulting solution which has been obtained under these treatments was used in the production medium.

### 2.2.7. Preparation of waste news paper hydrolysates {#sec0055}

The hydrolysates of waste newspaper were prepared by acid digestion. Old newspaper (Times of India) were collected form the local market. Before acid pretreatment, the deinking process of the chopped and grounded waste newspaper has been performed by using effective chemicals and surfactants (Tween-80). Deinked waste newspapers were further used for the acid pretreatment. Acid treatment of WNP (Waste newspaper) has been performed with a 20--70 % H~2~SO~4~ (v/v) solution with maintaining the definite solid-liquid ratio. Waste newspaper was soaked in acid, at room temperature for one hour. These solutions were cooled out, filtered and made up the resulting solution pH 7.0 by dilute NaOH solution. The resulting hydrolyzates were used in the production medium.

### 2.2.8. Preparation of starch hydrolysates {#sec0060}

Acid pretreatment of starch was carried out by using 2 %, 5 %, and 10 % HCl (v/v) solution. 10 g of wheat, potato and rice starch powdered biomass were taken separately, further 40 mL of diluted HCl solution with specific strength was added to maintain the slurry of about 25 %. Afterward, starch slurries were subjected to steam treatment under a pressure of 15 psi at 121 °C for 1 and 3 h time duration. The treated starch slurries were used in the production medium as pure hydrolyzates.

### 2.2.9. Inoculum development {#sec0065}

T. reesei NCIM 1186 and N. crassa NCIM 1021 were procured from National Chemical Laboratory (NCL), Pune, India. For inoculum development separate experiments were performed in 250 mL Erlenmeyer flasks containing 100 mL of potato dextrose broth (PDB) medium (In g/L peeled potato, 200; dextrose, 20; and yeast extract, 0.1) and M~2~ broth medium (In g/L Glucose, 10; Glycerine, 10; Yeast extract, 5; KH~2~PO~4~, 0.3; MgSO~4~.7H~2~O, 0.1) each, in which 5 loopfull cultures of mycelial conidia were added and shaken at 180 rpm at 30 °C in an incubator shaker for 3--4 days \[[@bib0255]\]. A definite volume of prepared cultures in broth suspension was used as inoculum for further production studies.

### 2.2.10. Dry weight determination {#sec0070}

5.0 mL of culture solution was taken from potato dextrose and M~2~ broth medium. It was then filtered on a dried and preweighed Whatman filter paper No 1. Further, the biomass and other solids collected were washed thoroughly with distilled water and further with 5.0 mL of 0.9 % sterile saline solution. Then filtered mycelium was dried for 24 h at 105 °C until attainment of constant weight and weighed. The determination of fungal growth by cell dry weight was expressed as the mean of three independent readings.

### 2.2.11. Preparation of production media {#sec0075}

Three types of production medium were used for production studies. (I) Normal basal salt media was used for production studies having the following constituents (g/L): Urea, 0.3; (NH~4~)~2~SO~4~, 1.4; KH~2~PO~4~, 2.0; MgSO~4~.7H~2~O, 0.3; Peptone, 1.0; Tween 80, 0.2; FeSO~4~.7H~2~O, 0.005; MnSO~4~.7H~2~O, 0.0016; ZnSO~4~.7H~2~O; 0.0014; CaCl~2~.2H~2~O; CoCl~2~.6H~2~O, 0.02 (II) Modified basal salt media, In which 10 %(v/v) dosages of boiled bagasse, bagasse hydrolysate, wheat straw hydrolysate and waste newspaper hydrolysate solution were incorporated in the earlier described production media separately. (III) Modified basal salt media, In which 2 and 5 % (v/v) dosages of potato, wheat and rice starch hydrolysate solution were incorporated in the earlier described production media separately.

### 2.2.12. Preparation of raw material {#sec0080}

Wheat bran biomass was dried then ground and sieved with a mesh screen. The ground raw material was used as a solid substrate for cellulase production studies.

### 2.2.13. Solid state fermentation process {#sec0085}

A separate set of fermentation experiments were carried out in 250 mL Erlenmeyer flasks containing sieved wheat bran as a carbon source, which was impregnated with the earlier discussed production mediums. Raw material soaked with normal as well as modified basal salt medium was autoclaved, cooled, and then inoculated with a specific volume of culture broth solution of T.reesei and N.crassa respectively. The autoclaved and inoculated flasks were placed in an incubator.

2.3. Product analysis {#sec0090}
---------------------

### 2.3.1. Extraction and assay of enzyme {#sec0095}

Distilled water was added to the fermented samples (in a 1:5 proportion) in Erlenmeyer flasks, and the extraction was done after shaking in a shaker at 150 rpm for 1 h. The sample was then filtered and the extract obtained was centrifuged at 6000 rpm. The resulting supernatant was stored and used as an enzyme source. All extractions were conducted in duplicate.

### 2.3.2. Total cellulase activity (filter paper activity) {#sec0100}

Filter paper activity (FPA) was determined by the method recommended by Ghose (1987) \[[@bib0260]\].

3. Results and discussions {#sec0105}
==========================

3.1. Proximate analysis of wheat bran biomass {#sec0110}
---------------------------------------------

To determine the suitability and effectiveness of wheat bran for cellulase production, proximate analysis has been executed.

[Table 1](#tbl0005){ref-type="table"}, portrays the major constituents in wheat bran as holocellulose whereas lignin was present in a lesser amount. The rest of the valuable constituents present maybe starch, protein and antioxidants.Table 1Content of Major Constituents of Ground, Sieved and Oven-dried wheat bran.Table 1Constituents% compositionHolocellulose57.35 ± 2.96Lignin7.12 ± 1.18Ash1.20 ± 0.56Moisture2.13 ± 0.67[^1]

Based on earlier studies of XRD and FTIR analysis of wheat bran, it has been observed that XRD pattern of wheat bran showed reduced peak height with flat and larger area indicates least crystalline nature of cellulose. The FTIR spectra of wheat bran also showed the presence of a lesser amount of lignin and phenolic components which provides a condition for effortless uptake of cellulose by the fungal system. Therefore it can be suggested that cellulose present in wheat bran is easily available for the microbial attack \[[@bib0265]\].

3.2. Optimization of process parameters used in cellulase production by Trichoderma and Neurospora under wheat bran based solid bed {#sec0115}
-----------------------------------------------------------------------------------------------------------------------------------

To determine the much effective and optimum conditions as well as to detect the frequent interactions between two or more factors statistical optimization methodology has been used. Separate sets of the batch experiments have been performed using design-based optimization with each microbial source. Design based optimization for the fermentation process could overcome the limitations of classical empirical methods and has been proved to be a powerful tool for the optimization of cellulase production as well as to determine the optimum operating conditions necessary for the scale-up of the process by reducing the number and cost of experiments. Single variable optimization methods are not only tedious but also can lead to misinterpretation of results, especially because the interaction between different factors is overlooked. Designed based experiments use a small set or combination of carefully planned experiments. The present section describes the Box-Behnken design of experiments for cellulase production by Trichoderma and Neurospora fungal strains to get their effective and valuable conditions.

### 3.2.1. Optimization of physical and chemical parameters for cellulase production by *T. reesei* {#sec0120}

Temperature, pH, initial moisture content of the substrate, inoculums size of fungal strains, particle sizes of raw material, incubation period were identified as the most influential among physical and chemical parameters. A Box Behnken design was used to analyze the interactive effect of these parameters and to arrive at an optimum. The base points for the design were selected from a single parameter study (data not shown). Different sets of combinations have been used for cellulase production by *T. reesei*.

It was observed from [Fig. 1](#fig0005){ref-type="fig"}, [Fig. 2](#fig0010){ref-type="fig"} that temperature 30 °C, pH 5 and inoculums dosages of 0.56 g/L was found a quite effective set of combination for cellulase activity (4.01 IU/mL) as compared to other.Fig. 1Cellulase activity achieved by *Trichoderma* as a response (Y1) of three parameters temperature(X1), pH(X2) and Inoculum dosage(X3).Fig. 1Fig. 2Quadratic response surface model with cellulase activity attained by *Trichoderma* as a response of parameters temperature, pH and Inoculum dosage. Cellulase dosage represents the cellulase activity: FPA(IU/mL).Fig. 2

It was also observed from [Fig. 1](#fig0005){ref-type="fig"} that the rate of decrement in enzyme activity was somewhat lower towards process temperature more than 30 °C, pH lesser than 5 and lower dosages of inoculum than 0.56 g/L.

At higher temperature enzyme biosynthesis decreases due to thermal deactivation enzymes and microbes \[[@bib0270]\]while at lower temperature (25 °C) the affinity of substrates for microbial system in the cells is lowered, because of the stiffening of lipids of the membrane and due to this the microbial enzyme production capability is decreased \[[@bib0275]\]. Operational pH induces stress response and triggering a pH signal pathway to regulate the expression \[[@bib0280]\].

It has also been observed from [Fig. 2](#fig0010){ref-type="fig"} that the higher cellulase activity region lies in the center of the graph which proves the significantly better optimization of process parameters.

The observed and predicted values are quite close to each other which represents the good correlation as shown in [Table 2](#tbl0010){ref-type="table"}.Table 2Comparative experimental and predicted values of cellulase activity (IU/mL) achieved by *Trichoderma* under different set of combinations using temperature, pH and inoculum dosage as parameters for the response of cellulase activity.Table 2Medium codeT(^0^C)pHInoculum dosages(g/l)FPA (IU/mL)ET(^0^C)pHInoculum dosages (g/l)FPA (IU/mL)PA2530.562.36−1−101.258606B2550.383.10−10−14.023431C2550.741.69−1011.477622D2570.562.32−1102.437406E3030.383.240−1−14.367511F3030.741.580−111.277202G3050.564.010004.174276H3070.383.4801−14.564311I3070.741.630111.438002J3530.562.511−102.221106K3550.383.3510−14.548431L3550.741.141010.877622M3570.561.971102.399906[^2]Table 3Comparative experimental and predicted values of cellulase activity (IU/mL) achieved by *Trichoderma* under different set of combinations using particle size, moisture percentage and incubation period as parameters for the response of cellulase activity.Table 3Medium codeParticle sizeMPIPFPA (IU/mL) EParticle sizeMPIPFPA (IU/mL)PA4506132.69−10−13.618463B8505532.170−1−12.881086C8506632.0501−13.088698D12506133.1910−14.013295E4505562.34−1−103.006647F4506662.18−1103.232605G8506164.720005.516143H12505562.851−103.371527I12506662.651103.561757J4506192.96−1013.81397K8505592.490−113.026628L8506692.370113.235203M12506193.531014.109922[^3]

Different sets of combinations based on process parameters such as particle size, moisture percentage and incubation period, have been used for cellulase production by T.reesei. It was observed in [Table 2](#tbl0010){ref-type="table"} as well as [Fig. 3](#fig0015){ref-type="fig"}, [Fig. 4](#fig0020){ref-type="fig"} that particle size of 850 μm, moisture percentage 61 and incubation period of 6 days was found a quite effective set of combinations for cellulase activity (4.72 IU/mL) as compared to other.Fig. 3Cellulase activity achieved by *Trichoderma* as a response (Y1) of three parameters particle size(X1), moisture percentage (X2) and incubation period (X3).Fig. 3Fig. 4Quadratic response surface model with cellulase activity attained by *Trichoderma* as a response of three parameters particle size, moisture percentage and incubation period. Cellulase dosage represents the cellulase activity: FPA(IU/mL).Fig. 4

It was also observed from [Fig. 3](#fig0015){ref-type="fig"} that the rate of decrement in enzyme activity was somewhat lower towards particle size bigger than 850 μm, higher as well as lower moisture percentage than 61, more than 6 days of the incubation period. Moisture content is a critical factor in SSF processes because this variable has an influence on the microbial growth, biosynthesis as well as secretion of enzymes. According to researchers higher moisture levels can cause a reduction in the enzyme yields due to the steric hindrance of the growth of producer strain by the reduction in the porosity (interparticle space of the matrix), thus interfering oxygen transfer \[[@bib0285]\]. Alam et al. \[[@bib0290]\] reported the optimal moisture content in the solid substrate appears to be at 50 %, under this condition a cellulase activity of 0.0433 units was obtained.

It has also been observed from [Fig. 4](#fig0020){ref-type="fig"} that higher cellulase activity region lies in the nearby center of the graph which proves significantly good optimization of process parameters.

The observed and predicted values of cellulase activity are very close to each other which represents a better correlation as observed from [Table 3](#tbl0015){ref-type="table"}.

### 3.2.2. Optimization of physical and chemical parameters for cellulase production by *Neurospora crassa* {#sec0125}

A separate set of design experiments has been performed to study the optimization of process parameters.

Different sets of combinations based on process parameters such as temperature, pH and inoculum dosages, have been used for cellulase production by N. Crassa. It was observed in [Table 4](#tbl0020){ref-type="table"} as well as [Fig. 5](#fig0025){ref-type="fig"}, [Fig. 6](#fig0030){ref-type="fig"} that temperature at 30 °C, pH at 6 and inoculums dosages of 0.56 g/L was found a quite effective set of combinations for cellulase activity (1.93 IU/mL) as compared to other.Table 4Comparative experimental and predicted values of cellulase activity (IU/mL) achieved by *Neurospora* under different set of combinations using temperature, pH and inoculum dosage as parameters for the response of cellulase activity.Table 4Medium codeT(^0^C)pHInoculum dosages(g/L)FPA (IU/mL) ET(^0^C)pHInoculum dosages(g/L)FPA (IU/mL) PA2540.561.35−1−101.691181B2560.421.40−10−11.630877C2560.701.28−1011.650396D2580.561.18−1101.45307E3040.421.430−1−11.733673F3040.701.260−111.784189G3060.561.930002.313885H3080.421.2601−11.51956I3080.701.110111.558081J3540.561.081−101.57468K3560.421.1510−11.507376L3560.701.001011.576895M3580.560.9461101.37257[^4]Table 5Comparative experimental and predicted values of cellulase activity FPA (IU/mL) achieved by *Neurospora* under different set of combinations using particle size, moisture percentage and incubation period as parameters for the response of cellulase activity.Table 5Medium codeParticle sizeMPIPFPA(IU/mL)EParticle sizeMPIPFPA(IU/mL)PA4506651.65−10−11.784503B8506151.850−1−12.018746C8507151.5801−11.696059D12506651.7210−12.316303E45061101.81−1−101.632143F45071101.14−1101.069268G85066102.360001.753605H125061101.511−100.768943I125071101.421100.686068J45066151.05−1011.006908K85061150.980−110.086339L85071150.87011−0.23672M125066151.07101−0.81629[^5]Fig. 5Cellulase activity as a response (Y1) of three parameters temperature (X1), pH (X2) and Inoculum dosage (X3).Fig. 5Fig. 6Quadratic response surface model with cellulase activity attained by *Neurospora* as a response of parameters temperature, pH and Inoculum dosage. Cellulase dosage represents the cellulase activity: FPA(IU/mL).Fig. 6

It was also observed from [Fig. 4](#fig0020){ref-type="fig"} that rate of decrement in enzyme activity was somewhat lower towards temperature lower than 30 °C, pH lower than 6 and inoculum dosages lower than 0.56 g/L.

The size of inoculum seems to have a profound effect on microbial growth and enzyme production. The effect of inoculum size on the enzyme activity was also studied by Dhillon et al. \[[@bib0295]\] they stated that maximum enzyme activity was observed using 5 % inoculum. An increase in inoculum size from 5 % showed a progressive decrease in enzyme activity reaching the lowest at 20 % inoculums. A higher inoculum concentration becomes favorable, probably because of the reduction in the lag phase caused by highly concentrated inocula. A decrease in its production on increasing the inoculum size could be due to competition between microorganism colonies for nutrients and probably the non-availability of nutrients for the large population limits the fungal growth \[[@bib0300]\]. Therefore a suitable and appropriate inoculums size or dosages required for healthier fungal propagation and their enzyme production.

It has also been observed from [Fig. 6](#fig0030){ref-type="fig"} that higher cellulase activity region lies in the center of the graph which proves the significantly better optimization of process parameters.

The observed and predicted values of cellulase activity are very close to each other which represents the good correlation as observed from [Table 4](#tbl0020){ref-type="table"}.

Different sets of combinations based on process parameters such as particle size, moisture percentage and incubation period, have been used for cellulase production by N. crassa.

It was observed from [Table 5](#tbl0025){ref-type="table"} as well as [Fig. 7](#fig0035){ref-type="fig"}, [Fig. 8](#fig0040){ref-type="fig"} that particle size of 850 μm, moisture percentage 66, and incubation period of 10 days was found a quite effective set of combinations for cellulase activity (2.36 IU/mL) produced by N. crassa as compared to other. It was also observed from [Fig. 7](#fig0035){ref-type="fig"} that the rate of decrement in enzyme activity was somewhat lower towards smaller particle size than 850 μm, lower moisture percentage than 66 and smaller incubation period than 10 days.Fig. 7Cellulase activity achieved by *Neurospora* as a response (Y1) of three parameters particle size(X1), moisture percentage (X2) and incubation period (X3).Fig. 7Fig. 8Quadratic response surface model with cellulase activity attained by *Neurospora* as a response of parameters particle size, moisture percentage and incubation period. Cellulase dosage represents the cellulase activity: FPA(IU/mL).Fig. 8

As literature suggested that in medium particle-sized bed, both inter-particle porosity and surface area is high, which provides an encouraging situation for growth and enzyme production by microbes due to better mass and heat transfer. The too smaller substrate particle sizes may result in substrate accumulation, which may interfere with microbial respiration/aeration and therefore result in poor growth \[[@bib0305]\]. On the other hand at larger particle sizes, interparticle porosity is high, but the surface area is low \[[@bib0310]\].

It has also been observed from [Fig. 8](#fig0040){ref-type="fig"} that higher cellulase activity region lies in the nearly center of the graph which proves the significantly good optimization of process parameters.

The observed and predicted values of cellulase activity are nearly close to each other which represents the good correlation as observed from [Table 5](#tbl0025){ref-type="table"}.

Various coefficients of experimental set up 1 and 2 as well as both trails in each set up are shown in [Table 6](#tbl0030){ref-type="table"}. It can be concluded that in each sets particular group (a combination of parameters) based optimization was found quite effective, as well as in most of the cases experimental and predicted values were very close or nearby close to each other, representing the better correlation between them. When compared to the cellulases produced by Trichoderma and Neurospora, higher FPA (4.72IU/mL) achieved by Trichoderma as compared to Neurospora (2.36IU/mL) strain under optimized condition. Optimized sets of the condition have been achieved and which were used in further production studies.Table 6Coefficient values under different set of conditions.Table 6*T. reesei*(Set 1)*N. crassa* (Set 2)Trail 1Trail 2Trail 1Trail 2Temp, pH, inoculums dosagesParticle size, moisture percentage, incubation periodTemp, pH, inoculums dosagesParticle size, moisture percentage, incubation periodCoefficients (β0,β1,β2,β3,β11,β22,β33,β12,β13,β23)−42.2368−188.437−20.0693−72.71662.461250.0081980.992950.0010512.1418756.1430661.024252.2531515.732251.28260416.730360.347988−6.59E-16−4.06E-060.000906.00E-05−0.02501.46E-05−0.01071−3.75E-06−0.3125−2.06E-050.017857−0.00030−0.0405−4.35E-06−0.01697−3.27E-06−0.20813−0.05085−0.09169−0.0177−13.2716−0.10347−15.2168−0.0168

Wheat bran was found as a suitable raw material for cellulase production under solid-state fermentation which might be due to the presence of soluble oligosaccharides, starches as well as easily available celluloses which significantly induces the cellulase production. Oligosaccharides present in wheat bran may also be converted into strong inducer such as sophrose and gentiobiose by transglucosylation for cellulase production. As the literature reported that wheat bran is a good source of nitrogen (due to high protein content) and hemicellulose, Altogether it is a good source of inducer for cellulolytic enzyme system \[[@bib0315]\]. Although the cellulose percentage in wheat bran is low \[[@bib0060]\] but it is easily utilizable by microbes, this was proved by XRD pattern of wheat bran. Lesser number of peaks with smaller peak height in the XRD pattern of wheat bran \[[@bib0265]\] which suggests that cellulose present are easily available for microbial hydrolysis.

3.3. Effect of boiled bagasse syrup, bagasse hydrolysate and wheat straw hydrolysate on cellulase production under wheat bran based solid-state fermentation {#sec0130}
------------------------------------------------------------------------------------------------------------------------------------------------------------

To explore the effect of boiled bagasse syrup, bagasse hydrolysate and wheat straw hydrolysate on cellulase production under wheat bran based solid-state fermentation separate set of the experiment have been performed. Maximum cellulase activities (IU/mL) in terms of FPA attained by T.reesei and N.crassa were 5.07 ± 0.03,5.03 ± 0.03, 5.00 ± 0.06; 2.41 ± 0.02, 2.43 ± 0.04, 2.38 ± 0.07 under boiled bagasse syrup, 10 % acid treated bagasse hydrolysate and 5 % acid treated wheat straw hydrolysate containing wheat bran based solid-state fermentation respectively. It was observed from [Table 7](#tbl0035){ref-type="table"}, that fungal strain produces significantly better cellulase activities under boiled bagasse syrup, 10 % acid treated bagasse hydrolysate and 5 % acid treated wheat straw hydrolysate as compared to others. The higher cellulase activity produced by fungal strains under wheat bran bed incorporating with boiled bagasse syrup and 10 % acid treated bagasse hydrolysate and 5 % acid treated wheat straw hydrolysate as compared to wheat bran bed solely, which may be due to the inclusion of some others inductive nature of sugars as well as lesser inhibitory environment of wheat bran, all these situations generate favorable condition for growth and enzyme production.Table 7Comparative enzyme activity achieved by various fungal strains under boiled bagasse syrup(BBS), bagasse hydrolysates(BH) and wheat straw hydrolysates(WSH) containing wheat bran based SSF at 30 °C and pH 5.Table 7Lignocellulosic Hydrolysates*T. reeseiN. crassa*FPA(IU/mL)FPA(IU/mL)BBS5.07 ± 0.032.41 ± 0.02BH10 % H~2~SO~4~ treated5.03 ± 0.032.43 ± 0.0420 % H~2~SO~4~treated4.78 ± 0.092.32 ± 0.06WSH5 % H~2~SO~4~treated5.00 ± 0.062.38 ± 0.0710 % H~2~SO~4~ treated4.86 ± 0.112.35 ± 0.03

3.4. Effect of waste news paper hydrolysates on cellulase production under wheat bran based solid state fermentation {#sec0135}
--------------------------------------------------------------------------------------------------------------------

To explore the effect of acid treated waste newspaper hydrolysate on cellulase production under wheat bran based solid state fermentation separate set of the experiment has been performed using 20, 30, 40, 50 and 70 % H~2~SO~4~ treated waste newspaper hydrolysate. It has been observed from [Table 8](#tbl0040){ref-type="table"}, that fungal strain produces better cellulase activity under wheat bran solid bed incorporated with 40 % acid treated waste newspaper hydrolysate. Maximum cellulase activities (IU/mL) in terms of FPA attained by T. reesei, and N.crassa were 5.15 ± 0.09 and 2.47 ± 0.03 under 40 % acid treated waste newspaper hydrolysate containing wheat bran bed. Improvement in the cellulase activities may be due to the release of sophrose, cellobiose, xylose and glucose sugars, which induces the cellulase production by fungal strains. On the other hand, lesser inhibitory condition provided by wheat bran bed generates favorable condition for fungal growth and activity enhancement under such condition.Table 8Comparative enzyme activity achieved by various fungal strains under waste newspaper hydrolysates containing wheat bran based SSF at 30 °C and pH 5.Table 8Waste News Paper Hydrolysates*T. reeseiN. crassa*FPA(IU/mL)FPA(IU/mL)WNP(20 % acid treated)4.87 ± 0.062.38 ± 0.02WNP(30 % acid treated)4.96 ± 0.032.41 ± 0.04WNP(40 % acid treated)5.15 ± 0.092.47 ± 0.03WNP(50 % acid treated)4.82 ± 0.172.38 ± 0.06WNP(70 % acid treated)4.69 ± 0.032.33 ± 0.03

3.5. Effect of Starch hydrolysates on cellulase production under wheat bran based solid state fermentation {#sec0140}
----------------------------------------------------------------------------------------------------------

To investigate the role of starch hydrolysates in cellulase production under wheat bran based solid state fermentation, a separate set of experiments were performed. Pretreatment of starches was performed by using 2 and 5 % HCl with 1 h of pretreatment time. Higher cellulase activities (IU/mL) in terms of FPA attained by T.reesei and N.crassa were 5.74 ± 0.07 and 2.61 ± 0.05 respectively under 5 %(v/v) dosages of 2 % acid hydrolyzed wheat starch hydrolysate based solid state fermentation. This might be due to the release of some dimeric sugars (sophorose) in the acid hydrolysate starches. It was also observed from [Table 9](#tbl0045){ref-type="table"}, that fungal strain produces significantly higher cellulase activities under 2 % HCl treated wheat starch hydrolysate based fermentation medium as compared to 5 % HCl treated one, which may be due to the fact that upon increasing the acid strength overhydrolysis of starch is taken place thereby other byproducts may be generated, which might have served as inhibitors for cellulase production \[[@bib0235]\]. When compared the effectiveness of wheat starch hydrolysates for various used fungal strains than it has been observed that all the strains performed much better in terms of cellulase activity under wheat starch hydrolysate containing wheat bran based solid state fermentation. N. crassa (2.63 ± 0.05) performed well also under rice starch hydrolysate media base solid state fermentation. Potato starch hydrolysate was found less effective for cellulase activity enhancement by both fungal strains under wheat bran based solid state fermentation.Table 9Comparative enzyme activities achieved by different fungal strains under various starch hydrolysates incorporated wheat bran based SSF at 30 °C and pH 5.Table 9Starch hydrolysates (SH)*T. reeseiN. crassa*FPA(IU/mL)FPA(IU/mL)2 %HCl WSH2 %(v/v)5.10 ± 0.032.54 ± 0.035 %(v/v)5.74 ± 0.072.61 ± 0.055 %HCl WSH2 %(v/v)4.31 ± 0.092.20 ± 0.105 %(v/v)4.27 ± 0.042.16 ± 0.032 %HCl PSH2 %(v/v)4.86 ± 0.072.44 ± 0.155 %(v/v)5.09 ± 0.052.55 ± 0.035 %HCl PSH2 %(v/v)4.28 ± 0.152.25 ± 0.115 %(v/v)4.20 ± 0.032.18 ± 0.092 %HCl RSH2 %(v/v)5.02 ± 0.072.59 ± 0.125 %(v/v)5.25 ± 0.112.63 ± 0.055 %HCl RSH2 %(v/v)4.34 ± 0.032.28 ± 0.025 %(v/v)4.37 ± 0.022.31 ± 0.04

It can be concluded that wheat starch hydrolysate was found quite effective for cellulase induction capability. We can also suggest that raw material composition also affects the performance of starch hydrolysates or in other words they utilized better under less inhibitory environment.

4. Conclusions {#sec0145}
==============

The bioconversion of waste biomass into valuable energy is the part of waste management and sustainable approach. The utilization of lignocellulosic solid, as well as liquid wastes under optimized conditions, has proven as the main contender to overcome the economical and waste management problem to a great extent. To optimize the process parameters of cellulase production from Trichoderma and Neurospora were investigated by Box--Behnken design (BBD), an effective and reliable tool for finding the optimal conditions of process parameters used in cellulase production. Various lignocellulosic, as well as starchy hydrolysates, were used in cellulase production under wheat bran based solid-state fermentation. Fungal strains performed well under bagasse as well as wheat starch hydrolysates based fermentation.
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[^1]: Data are reported as mean ± standard deviation based on the repeated trails.

[^2]: E: Experimental value (exp), P: Predicted value (pre).

[^3]: E: Experimental value (exp); P: Predicted value (pre), MP: Moisture percentage, IP: Incubation period (days).

[^4]: E = Experimental values, P = Predicted values.

[^5]: E: Experimental value (exp); P: Predicted value (pre), MP: Moisture percentage, IP: Incubation period (days).
